Chemotherapeutics tumor resistance is a principal reason for treatment failure, and clinical and experimental data indicate that multidrug transporters such as ATP-binding cassette (ABC) B1 and ABCG2 play a leading role by preventing cytotoxic intracellular drug concentrations. Functional efflux inhibition of existing chemotherapeutics by these pumps continues to present a promising approach for treatment. A contributing factor to the failure of existing inhibitors in clinical applications is limited understanding of specific substrate/inhibitor/pump interactions. We have identified selective efflux inhibitors by profiling multiple ABC transporters against a library of small molecules to find molecular probes to further explore such interactions. In our primary screening protocol using JC-1 as a dual-pump fluorescent reporter substrate, we identified a piperazine-substituted pyrazolo[1,5-a]pyrimidine substructure with promise for selective efflux inhibition. As a result of a focused structure-activity relationship (SAR)-driven chemistry effort, we describe compound 1 (CID44640177), an efflux inhibitor with selectivity toward ABCG2 over ABCB1. Compound 1 is also shown to potentiate the activity of mitoxantrone in vitro as well as preliminarily in vivo in an ABCG2-overexpressing tumor model. At least two analogues significantly reduce tumor size in combination with the chemotherapeutic topotecan. To our knowledge, low nanomolar chemoreversal activity coupled with direct evidence of efflux inhibition for ABCG2 is unprecedented.
Introduction
More than 50 members of the ATP-binding cassette (ABC) transporter superfamily have been identified, and three major subfamilies (ABCB, ABCC, and ABCG) have been linked to human multidrug resistance (MDR). These efflux pumps are expressed in many human tumors, where they likely contribute to chemotherapy resistance. The transporters ABCB1, ABCC1, and ABCG2 are highly expressed in the gut, liver, and kidneys and may restrict the oral bioavailability of administered drugs. ABCB1 and ABCG2 are also expressed in the epithelia of the brain and placenta, as well as in stem cells, where they perform a barrier function. 1 They influence oral absorption and disposition of a wide variety of drugs, and as a result, their expression levels have important consequences for susceptibility to drug-induced side effects, interactions, and treatment efficacy. The specific subclass members ABCB1 (Pgp, MDR1), ABCC1 (MRP1), and ABCG2 (BCRP, MXR) are known to significantly influence the efficacy of drugs and have unambiguously been shown to contribute to cancer multidrug resistance. 2 Dual treatment with ABC transporter inhibitors in conjunction with chemotherapeutics is a common treatment strategy to circumvent MDR in cancers. 3 Although a large number of compounds have been identified as possessing ABC transporter inhibitory properties, only a few of these agents are appropriate candidates for clinical use as MDR reversing agents. 4 The clinical failures observed with the current class of drugs provide ample justification for identifying new classes of modulators and exploring the biology around them.
The development of ABC efflux transporter inhibitors is now in its third generation, with the major focus still on ABCB1. Progress over the past decade has renewed interest in the efflux inhibition field, and a variety of modulators have been identified. A large number of structurally and functionally diverse compounds act as substrates or modulators of these pumps. 5 A representative subset of these compounds will be briefly discussed here. The first generation of chemosensitizers was discovered from marketed drugs and included the calcium channel blockers verapamil and nicardipine, cyclosporin A, and progesterone; however, dose-related toxicity and solubility challenges prevented progress into the clinic. Second-and third-generation inhibitors were drawn predominantly from the derivatization of first-generation molecules, as well as from combinatorial chemistry, targeted primarily at ABCB1. Some of the higher profile examples include (i) the cyclosporin A derivative valspodar (PSC-833) 6 ; (ii) Vertex Pharmaceutical's biricodar (VX-710; Vertex Pharmaceuticals, Cambridge, MA) 7 ; (iii) the anthranilamide-based modulators XR9051 (2), 8 tariquidar (XR9576), 9 ,10 XR9577, 11 and WK-X-34 11 ; (iv) acridone carboxamide derivative elacridar (GF120918) 12 ; (v) the heteroaryloxypropanolamines zosuquidar (LY335979), 13 dofequidar (MS-209), 14 and laniquidar 15 ; and (vi) the diarylimidazole ontogen (OC144-093, ONT-093). 16 The later generation inhibitors tended to be more potent and less toxic than the first-generation compounds; however, multiple off-target issues remain.
As a specialty screening center in the National Institutes of Health Molecular Libraries Probe Production Centers Network (NIH MLPCN), the University of New Mexico Center for Molecular Discovery (UNMCMD) and its Chemistry Center partners are tasked with finding smallmolecule probe compounds for academic investigators seeking improved tools for interrogating biological systems. In collaboration with the University of Kansas Specialized Chemistry Center (KU SCC), we set out to develop new small-molecule scaffolds with distinct efflux inhibition selectivity profiles based on multiplex transporter target assays. Early in the postscreen follow-up, it was evident that ABCG2 was the desirable focus for a probe campaign based on promising preliminary selectivity. Although there has been significant progress with ABCB1 inhibitors, similar progress has not been achieved with ABCG2 inhibitors. An example was noted with the Aspergillus fumigatus mycotoxin fumitremorgin C (FTC, 3) and its analogues Ko132, Ko134, and Ko143 (4), which have been demonstrated to be selective inhibitors for ABCG2. 17, 18 Other reported ABCG2 inhibitors engage nonselectively to include biricodar and nicardipine, which are cross-pump inhibitors for ABCB1, ABCC1, and ABCG2. 7, 19 Furthermore, specific relevance for ABCG2 as a clinical target has been well documented. 20 This includes a mouse model using a human ovarian xenograft with Igrove1/T8 tumors, 21 a system using flavopiridol-resistant human breast cancer cells, 22 FTC (3) and Ko143 (4) inhibition in vitro and mouse intestine model, 17 and a phase I/II trial with lapatinib in glioblastoma multiforme. 23 Given the absence of clinically relevant ABCB1 or ABCG2 specific inhibitors and as there remain gaps in understanding how inhibition of these efflux pumps can be best exploited for therapeutic gain, our team focused on vetting and optimizing novel hit scaffolds with promising preliminary ABCG2 or ABCB1 selectivity and potency. As part of that effort, several benchmark compounds were chosen for comparison during development of the pyrazolopyrimidinylpiperazine scaffold, 1. Benchmark compounds were chosen for differential selectivities on ABCB1, ABCC1, and ABCG2, so as to represent a broad panel against which analogues of 1 could be evaluated (Fig. 1) . For direct comparison of selective ABCG2 inhibition, both 3 and 4 were chosen. 17, 18 The submicromolar ABCB1 modulator 2 was chosen as it is known to reverse resistance to cytotoxic drugs such as doxorubicin and vincristine. 8, 24 Quinoline MK571 (5), a specific inhibitor of ABCC1, was necessary to gauge any ABCC1 activity. 25 Also, reversan (6), identified as an active inhibitor of ABCB1 and ABCC1, was included as it contained a similar, pyrazolopyrimidine core.
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Materials and Methods
General Information
The ABCB1-overexpressing drug-resistant cell line, CCRFAdr 5000, and its parental CCRF-CEM cells were kindly provided by Dr. T. Efferth (Pharmaceutical Biology, German Cancer Research Center, Heidelberg, Germany). We have previously described the generation of the Jurkat-DNR ABCB1-overexpressing cell line. 27 Ovarian ABCG2-overexpressing Ig-MXP3 and Igrov1/T8 cells as well as the parental Igrov1-sensitive cells were kindly provided by Dr. D. Ross (Department of Medicine, University of Maryland Greenebaum Cancer Center, Baltimore, MD). Cells were grown in RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS; Hyclone, Logan, UT), 2 mM L-glutamine, 10 mM HEPES, 10 U mL −1 penicillin, 10 µg mL −1 streptomycin, and 4 µg mL −1 ciprofloxacin. Selective pressure for the ABCB1-overexpressing CCRF-ADR 5000 and Jurkat-DNR cells was maintained by growth in 20 nM daunorubicin hydrochloride (DNR). Selective pressure for the ABCG2-overexpressing Ig-MXP3 cells was maintained by treatment with 340 nM mitoxantrone dihydrochloride (MTX) for 1 h prior to harvest.
The fluorescent reporter dye JC-1 and cell-type differentiation dye CellTrace Far Red DDAO-SE were obtained from Invitrogen (Carlsbad, CA). Nicardipine hydrochloride, DNR, MTX, topotecan hydrochloride hydrate (TPT), and FTC (3) were purchased from Sigma-Aldrich (St. Louis, MO). XR9051 (2), reversan (6), MK571 (5), and Ko143 (4) were purchased from Tocris Bioscience (Minneapolis, MN). Compounds ordered for structure-activity relationships (SARs) by commerce were purchased from ChemDiv (San Diego, CA) and Ryan Scientific (Mt. Pleasant, SC). Unless otherwise indicated, all compound solutions were maintained and diluted in DMSO prior to addition to assay wells. Final DMSO concentrations were no more than 1% (v/v). A Biomek NX Multichannel (Beckman-Coulter, Brea, CA) was used for all cell and compound solution transfers for volumes greater than 1 µL. Low-volume transfers (100 nL) were done via pintool (V&P Scientific, San Diego, CA). Compound dose-response plates were generated with the Biomek NX Span-8 (Beckman-Coulter).
The HyperCyt high-throughput flow cytometry platform (IntelliCyt, Albuquerque, NM) was used to sequentially sample cells from 384-well microplates (2 µL per sample) for flow cytometer presentation at a rate of ~40 samples per minute. 28, 29 Flow cytometric analysis was performed on a CyAn flow cytometer (Beckman-Coulter). The resulting time-gated data files were analyzed with HyperView (IntelliCyt, Albuquerque, NM) software to determine compound activity in each well. Inhibition response curves were fitted by Prism software (GraphPad Software, Inc., La Jolla, CA) using nonlinear least squares regression in a sigmoidal dose-response model with variable slope, also known as the four-parameter logistic equation. This type of time-gated flow cytometric data analysis was described in detail for a previous ABC transporter screen from our group. 30 
Primary Assay Conditions
To facilitate a shortened screening timeline, the singlepoint assay was performed as a duplex allowing for data from both cell lines to be collected in one screening campaign. The assay was conducted in 384-well format microplates in a total volume of 15.1 µL dispensed sequentially as follows: (1) JC-1 substrate (10 µL per well), (2) test compound (100 nL per well), and (3) drug-resistant cells (5 µL per well). CCRF-Adr cells (ABCB1) were color-coded with 0.5 ng mL −1 CellTrace Far Red DDAO-SE for 15 min at room temperature, washed twice by centrifugation, and then combined with unlabeled Ig-MXP3 cells (ABCG2) in the assay buffer. Final in-well concentration of test compound was 6.6 µM; JC-1 concentration was ~ 1 µM. JC-1 previously proved to be an ideal fluorescent reporter substrate for both ABCB1 and ABCG2. 30 The cell concentration was 3 × 10 6 cells mL −1 (1:1 ratio of the two cell types). Nicardipine was used as an on-plate control for both pumps at 50 µM. The plate contents were mixed and rotated end-over-end at 4 rpm at 25 °C for 10 min, and then cell samples were immediately analyzed. This resulted in analysis of approximately 1000 cells of each cell type from each well. Flow cytometric data of light scatter and fluorescence emission at 530 ± 20 nm (488 nm excitation, FL1) and 665 ± 10 nm (633 nm excitation, FL8) were collected.
The CCRF-Adr cell line proved optimal for the duplexFar Red DDAO-SE staining protocol, but in the single-plex follow-up, we preferentially used our ABCB1-overexpressing Jurkat-DNR cell line for confirmatory dose response. Each cell line (Jurkat-DNR and Ig-MXP3) was run separately against all compounds (no differential cell staining) in dose response. The protocol differed from the single-point screen as described here. Cells and reagents were added sequentially as follows: (1) phosphate-buffered saline (PBS) buffer (5 µL per well), (2) test compound (100 nL per well), and (3) drug-resistant cells (10 µL per well) preexposed to the JC-1 substrate at 1 µM just prior to the well addition. Final in-well concentrations of test compound ranged from 50 µM to 69 nM over an 18-point dose response, and the cell concentration was 1 × 10 6 cells mL −1 . Dose-response IC 50 values were averaged for multiple runs (average n = 2-4).
Chemoreversal Secondary Assay
Cells (ABCB1, Jurkat-DNR, or ABCG2 Ig-MXP3) were incubated with the test compound in a 3-order of magnitude concentration range over 3-and 7-day periods in the presence of the inhibitor and chemotherapeutic (ABCB1, 100 nM DNR or ABCG2, 30 nM MTX), such that a cell concentration of at least 1 × 10 5 cells mL −1 was maintained. Cell viability was determined by trypan blue staining and enumeration under light microscopy. At day 3, wells with greater than 2 × 10 5 cells were refreshed with medium, to include readjustment of chemotherapeutic and inhibitor concentration. A chemoreversal index (Chemoreversal 50, CR 50 ) was determined from the viability assessment. Using a similar approach, a direct cytotoxicity index (Toxic Dose 50, TD 50 ) was determined by assessment of cell death of cells grown in media alone. Results were compared with the survival of parental cells in the presence of the selective agent (chemotherapeutic; 100% cell death), as well as survival of drug-resistant cells in the presence of the chemotherapeutic drug (control yields 100% viability). As previously described by our group for an ABCB1-reversal agent, the difference between the CR 50 and the TD 50 affords an approximation of the in vitro therapeutic index for the test compound. 31 The threshold for a "good" therapeutic window when comparing CR 50 and TD 50 somewhat depends on the end-point use. For cancer treatment, a low threshold, in the 10-fold (or greater) range, can still be considered acceptable due to the severity and life-threatening nature of the disease.
Preliminary In Vivo Study
Igrov1/T8 cells were injected into the hind limbs of CB-17 SCID mice at a concentration of 1 × 10 7 cells in 200 µL, n = 3 per condition. The tumor was grown until the volume was in the range of 75 to 250 mm 3 . The volume of the tumor was verified with a Scienceware Digi-Max slide caliper obtained from Sigma-Aldrich, and the tumor volumes were calculated by the following equation: (W 2 /2)*L. 21 Tumor-bearing mice were injected intratumorally with 150 nM topotecan alone, as well as with either 100 nM of 1 or 500 nM of 7. Injections were repeated daily, and the size of the tumor was determined as a fraction of the starting size. After 4 days, the mice were sacrificed, and any recurring tumor was verified by light microscopy examination of histological sections. Mice were studied and maintained in accordance with guidelines of our Institutional Animal Research Committee at UNM Health Sciences Center.
Representative Synthesis
Probe compound 1 and many analogues were synthesized by the method shown (Fig. 2 , sequence A-C). Commercial substituted aminopyrazoles 90 (R 1 = phenyl) were treated with the appropriate dialkylmalonate or β-ketoester to give intermediate 91, followed by chlorination to afford the pyrazolo[1,5-a]pyrimidine core intermediate 92. 33 Installation of the piperazine moiety afforded 1 directly. In some cases, a Suzuki-or Molander-type coupling was preferred to install aryl functionality at a late stage in the synthesis (Fig. 2 , sequence D-F). More detailed synthetic methods and spectral data can be found in supplementary material.
Results and Discussion
Primary Screening
A high-throughput, no-wash, duplex assay was constructed in which both the ABCB1 and ABCG2 transporters were evalu-ated in parallel using fluorescent JC-1 as the efflux reporting substrate. ABCB1-overexpressing CCRF-Adr cells were color-coded to allow their distinction from Ig-MXP3 ABCG2-overexpressing cells as previously described. 30 Figure 3 briefly summarizes the primary, duplex screening protocol. The primary screening results were uploaded as PubChem BioAssay Database Identifiers (AID) 1325 and 1326 for ABCG2 and ABCB1, respectively (Summary AID 1818). 32 A total of 194 393 Molecular Libraries Small Molecule Repository (MLSMR, http://mlsmr.glpg.com) compounds were tested with Z′ values of 0.74 ± 0.10 and 0.64 ± 0.13 for ABCB1 and ABCG2, respectively. A total of 200 and 130 actives were noted in ABCG2 and ABCB1, respectively. Compounds were deemed active if the percent inhibition was greater than 80%. A subsequent cherry pick resulted in singlepoint confirmatory testing of 273 compounds (AIDs 1453 and 1451), resulting in 16 and 18 actives in ABCG2 and ABCB1, respectively. As a fluorescence counterscreen, a set of related 488/530-nm fluorescence compound profiling data was also associated with the SMR cherry pick set in which compound fluorescence was assessed in the absence of JC-1 to rule out false positives versus actual efflux inhibitors. These data were uploaded as two AIDs (1480 and 1483) where the 273 compounds were tested with 89 and 83 compounds noted as active (i.e., fluorescent) in ABCG2 and ABCB1, respectively. Based on these single-point screening data, confirmatory doseresponse analysis was subsequently performed on 40 compounds (AIDs 1690 and 1689), resulting in 16 actives for ABCB1 and 9 actives for ABCG2.
Efflux Inhibition-Driven SAR
No discernable SAR was revealed through the first round of cherry pick analysis or the powder resupply, and many of the compounds were observed to be fluorescent artifacts. However, preliminary chemoreversal secondary screening efforts confirmed activity of several compounds, including 7 (CID1434724), where micromolar potentiation and low toxicity were observed but with little pump specificity. Secondary potentiation data for compound 7 and 14 other confirmed compounds were reported in AIDs 2830 and 2833. Resynthesis, purification, and retesting of 7 confirmed the efflux inhibition, and a series of compounds similar in structure was ordered around this original hit. These 31 compounds were tested in dose response in the two efflux pump-overexpressing cell lines: Jurkat-DNR (ABCB1) and Ig-MXP3 (ABCG2). A few compounds showed modest ABCG2 selectivity, but gaps in the collection did not resolve the structural functionality responsible for any significant efflux potency or selectivity toward ABCG2 or ABCB1. Due to the diversity of structural changes present in the commercial set, additional compounds were needed to construct meaningful SAR. The commercial powder set contained several members with conserved functionality that provided the basis for establishing a methodical SAR assessment.
The pyrazolo[1,5-a]pyrimidine core was preserved, and exchange of the peripheral substituents was surveyed, depicted as shaded regions (Fig. 4A) . Exploratory commercial SAR expansion resulted in compounds with selectivity profiles significantly biased toward ABCG2. The initial set of hit-related compounds screened from the MLSMR and purchased from vendors predominately possessed structural differences in R . On the basis of these structural variations around the core, we chose functional groups that would fill in the SAR gaps and further reveal pharmacological preferences based on steric interactions, lipophilicity, hydrogen bond donating or accepting character, and modulating the electronic nature of aryl substituents. Of the hits identified through this endeavor, 8 (CID1441553), had attractive efflux potency toward ABCG2 and marginal selectivity over ABCB1 (Fig.  5B) . The KU SCC launched an SAR campaign aimed at further understanding the origin of potency and selectivity and set out to optimize the compound profile to meet the MLPCN probe criteria for potency and selectivity in the efflux assay. A suitable probe was defined as a compound that affected micromolar potentiation with a toxic dose Of the approximately 160 compounds assessed in the primary efflux dose-response assay (AIDs 489002, 489003, 504566, and 504569), 126 were synthesized by the KU SCC. Several compounds in the purchased collection contained a 3-chlorophenyl substituent at R . Notably, the substitution of the acyl-2-furan for acyl-3-furan (11) produced a 7-fold enhancement in selectivity for ABCG2, predominately due to erosion of ABCB1 potency, while only modestly attenuating ABCG2 potency as compared with the parent hit. Improved ABCG2 potency was achieved with installation of an acyl-3-pyridine; however, the selectivity deteriorated essentially to pan inhibition (20) . Following incorporation of the acyl-3-furan as the more optimal R 4 substituent, a survey was then done on the R 2 group while holding constant R 1 and R 3 (26) (27) (28) (29) (30) (31) (32) . Substantial potency for ABCG2 was gained when R 4 was 3-pyridine (30); however, once again, selectivity was negatively affected.
Alterations in the 3-chlorophenyl R 1 substituent were then made while assessing three R 4 head groups, specifically alternating between acyl-2-furan, acyl-3-furan, or benzoyl functionalities (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) . No substantial improvements were noted with these changes; however, when R 1 was changed from 3-chlorophenyl to phenyl, and R = 0.13 µM, selectivity = 36-fold). Representative dose-response curves for 1 are compared (Fig. 5) .
With this information in hand, the team followed up with an SAR effort aimed at demonstrating supportive SAR for compounds bearing an R 2 = 2-furyl group while also attempting to improve upon the profile of the most promising analogue, 1 (Fig. 4C) . The modified scaffold, represented by 1, was further studied by adjusting physiochemical and spatial elements in R 1 (Suppl . Table S1 , compounds 1, 50-60). Replacing the phenyl ring of the lead with a t-butyl group erased much of the gains toward ABCG2 selectivity (50). Traditional phenyl replacements such as thiophene or furan were tolerated but led to only modest selectivity and potencies. The installation of a 4-chlorophenyl substituent led to a reduced inhibition of ABCB1, resulting in selectivity in the efflux assay of 22-fold (54); however, the change also marginalized the potency on ABCG2. Renovating the phenyl substituent with electron donating groups was not beneficial.
An examination of 2-furan replacements at R 2 was also undertaken (Suppl . Table S1 , compounds 1, 44-49, 61-66).
Simple alkyl units such as methyl or t-butyl degraded potency and fold-selectivity for both transporters. Notably, use of t-butyl actually reversed selectivity for ABCB1, albeit at the expense of potency (49). Some R 2 revisions resulted in impressive ABCG2 selectivities and potencies. The choice of 2-F-phenyl (46) slightly degraded potency for ABCB1 as compared with the parent (1), leading to a 10-fold selectivity in favor of ABCG2. For the fluorinated series (46-48), the potency for both transporters decreased as the fluorine atom was migrated from the 2-to 3-to 4-position of the aromatic R 2 ring. Interestingly, the use of a 3-MeO-phenyl group impeded potency for ABCB1 activity while retaining submicromolar ABCG2 potency on par with the parent, leading to an improved 83-fold selectivity between the transporters (65). In this series (44, 45, 65), however, a trend was not observed as the substituent was shifted from each position. Additional compounds prepared with the 3-MeO-phenyl group at R 2 did not show a consistent SAR (data not shown).
The commercial set of compounds contained a few scaffolds bearing a methyl group at R 3 . SAR data generated in the early experimental phases demonstrated some benefit to the presence of small alkyl groups at R 3 ; however, this was highly dependent on the identity of groups at R To understand the functionality changes around 1, one analogue was prepared to quickly evaluate the effect of this substitution pattern in concert with our chosen functionalities at R 1 , R 2 , and R 4 . ABCB1 potency was encouragingly impaired, but not without also affecting G2, resulting in a marginal selectivity profile (data not shown).
Attention was then turned to investigating the effect of different R 4 functionality appended to the piperazine (Suppl . Table S1 , compounds 1, 67-76). In earlier SAR sets, activity was found to be sensitive to the identity of R 4 and the pairing of groups at R 2 and R 3 . In the context of our new lead, 1, we wanted to better understand the effect of R 4 with the chosen substituents. It was confirmed that an acyl-3-furan was preferred to an acyl-2-furan (67), and simple alkyl substitution of the 3-furan (70-72) or a larger benzofuran (73), although tolerated, did not reveal any benefits. However, the most influential effects on ABCB1 were observed when the acyl furan was exchanged for a benzyl ester (76). Although ABCG2 potency was compromised compared with the lead, ABCB1 potency was completely lost, yielding a selectivity of ~19-fold.
In a more aggressive effort, the entire "top piece" of the scaffold, consisting of the piperazine and the R 4 group, was modified (Suppl . Table S2 , compounds 77-86). Ringopened piperazine equivalents, truncated amino groups, piperidine amides, ring-expanded amines (not shown), and various structural variations on a theme did not produce a profile superior to that which had already been observed.
In the process of evaluating these structural modifications, several compounds were prepared singly to target possible oversights in SAR, as every possible R 1 to R 4 combination cannot be prepared and assessed in a timely way. Others were targeted as a means of inserting the best combinations as gleaned from the preceding generations of SAR. These compounds were more recently pursued to probe specific structural combinations and are summarized (Suppl . Table S1 , compounds 87-89). Data obtained early in the project had indicated that the acetyl group at R 4 was more advantageous than other changes that had been surveyed (including the benzyl ester modification), although later refinement of these data does not now stand out as particular SAR of interest. On the basis of the information available at the time, we incorporated substituted phenyl derivatives with varying electronic features at R 
Prior Art Comparison and Potentiation
In parallel with the above efforts, selected compounds were also assessed in secondary assays; however, this chemoreversal assay based on potentiation of a given chemotherapeutic is a very low-throughput assay, and compound data from this assay could not be used to drive the SAR program. Key data have been collected (AIDs 504476 and 504477) for some of the most promising compounds ( Table 2) . Evaluation of probe compound 1 showed submicromolar effective potentiated killing of both overexpressing cell lines with preference for ABCG2 from a toxicity perspective, although the degree of selectivity observed in the cell killing assay is removed (1.8-fold in chemoreversal vs. 36-fold in efflux assay). Although clear SAR trends could not be gleaned from the chemoreversal and toxicity data, these experiments provided the basis for evaluating how select compounds would perform in a cellular context. Most of the compounds evaluated in the chemoreversal assay for ABCB1 registered in the 100-to 600-nM range, with only a few outliers. For ABCG2, the CR 50 was more broad, ranging from ~ 20 to 1400 nM. These data, coupled with several compounds that showed TD 50 values >100, provided support for the selection of compounds for preliminary in vivo studies.
Prior art for 1 includes 2 (XR9051) and MK571, which were chosen to verify both ABCB1 activity and counterscreen ABCC1 activity, respectively, in our system ( Table  2) . Compound 2 inhibits the efflux of JC-1 in both ABCB1-and ABCG2-overexpressing cell lines (0.61 ± 0.43 and 2.27 ± 2.05 µM, respectively). Potentiation data indicate submicromolar chemoreversal in both Jurkat-DNR and Ig-MXP3 cells with a bias toward ABCB1 at 10 nM as compared with 650 nM for ABCG2. Not surprisingly, we did not observe any inhibition of ABCB1 or ABCG2 with MK571 (5) up to 50 µM, and activity noted in the secondary assays mirrored toxicity, indicating no potentiation. Direct comparison of reversan (6) in our efflux inhibition system shows low micromolar inhibition of both ABCB1 and ABCG2 (4.41 ± 2.90 and 0.84 ± 0.03 µM, respectively) with moderate selectivity for ABCG2. In our chemoreversal potentiation assay, 6 showed micromolar activity and no ABCG2 selectivity (0.22 and 3.61 µM in ABCB1 and ABCG2, respectively). This was coupled with significant toxicity in the Jurkat-DNR cell line. FTC (3) showed no activity in either cell line in the efflux inhibition assay and was not tested in the potentiation assay. Ko143 (4) has been shown to potentiate MTX at nanomolar levels in ABCG2-overexpressing cells. 17 In our potentiation assay, there appeared to be a selectivity for ABCB1 over ABCG2 (CR 50 = 0.99 and 5.94 µM, respectively) with considerable toxicity in both cell lines. The efflux inhibition activity did not emulate this, showing no activity for ABCB1 and only 13.55 µM inhibition for ABCG2, potentially indicating a binding site difference versus JC-1. Probe compound 1 demonstrates a 36-fold better inhibition of JC-1 efflux for ABCG2 over ABCB1, thus establishing its usefulness for biochemical exploration. This result, coupled with the noted cellular activity in the potentiation assay, justifies the overall utility of 1 as a probe for ABCG2. Compound 1 showed greater potency and ABCG2 selectivity than any of the aforementioned literature precedent compounds in the efflux inhibition screening conditions. Only 2 appears to have better activity in the potentiation assay, although with reversed selectivity toward ABCB1.
Preliminary In Vivo Mouse Data
To specifically demonstrate the direct effect of a chemotherapeutic agent relevant to these studies, we administered an intratumoral dose of TPT (150 nM). This concentration of TPT was slow to kill nonresistant (ABCG2-nonexpressing) parental tumor cells but not the drug-resistant (ABCG2-expressing) tumor cells (EC 50 for parental is 7 nM vs. 311 nM for resistant cells). To demonstrate efficacy of the inhibitors, we grew ABCG2-resistant tumor cells to a volume between 75 and 250 mm 3 in CB-17 SCID mice. Tumor size was determined immediately prior to the first injection. Tumor-bearing mice were injected with 150 nM TPT and either 100 nM of 1 or 500 nM of 7. Such treatment dramatically reduced tumor size over a 96-h observatory period (Fig. 6) , indicating that tumor sensitivity of TPT returned when either of the ABCG2-blocking compounds was present (p < 0.001). A concentration of 150 nM TPT alone did not affect the growth of tumors (data not shown). Compounds 1 and 7 were chosen as representative molecules from this scaffold, with 7 being the initial hit from the screening campaign and 1 being the efflux inhibition optimized molecule. As previously stated, the lowthroughput nature of the in vitro chemoreversal secondary assay did not allow for exhaustive testing of all members in the scaffold, and thus specific correlation between efflux inhibition and potentiated activity of known chemotherapeutics was not readily accessible. However, similar in vivo activity of 1 and 7 (note there is a 5-fold concentration difference for the two; see Fig. 6 ) despite dissimilar efflux inhibition profiles indicates that the efflux reporting via JC-1 may not represent activity for both MTX and DNR in Ig-MXP3 and Jurkat-DNR cell lines, respectively. This, in conjunction with the reported in vitro chemoreversal data in Supplemental Table S1 , indicates a need for further analysis of the in vitro to in vivo correlation. A subsequent manuscript detailing activity of molecules from this scaffold in this animal model is forthcoming.
In summary, as a result of a duplex, high-throughput flow cytometric screening campaign and subsequent medicinal chemistry optimization, we report herein the discovery of an ABCG2 efflux inhibitor 1 that demonstrates a 36-fold selectivity over ABCB1 toward blocking efflux of the fluorescent substrate JC-1. Furthermore, in the same JC-1 efflux reporter system, 1 maintains approximately 100-fold higher potency in ABCG2 than the prior art Ko143. Subsequent in vitro assays using the known chemotherapeutic mitoxantrone demonstrate the ability of 1 to potentiate cell death of the ABCG2-expressing Ig-MXP3 cells at submicromolar concentration levels. We believe that selective transport inhibitors may allow for more targeted and effective therapy. Preliminary in vivo mouse model data indicate dramatic tumor reduction with cotreatment of TPT with 1. Future studies will focus on several related scaffold members as well as on selectivity profiles in both in vitro and in vivo potentiation. 
